Recently, two levels of aggressiveness have been found within X. axonopodis pv. citri with respect to pathogenesis towards pummelo cultivars of C. grandis Osbeck (18) . The strains of the normally aggressive group increased to a greater number and caused larger lesions on cultivar leaves than those of the weakly aggressive group, although both groups elicited canker symptoms (18). This finding spurs interest in what determines such a host-specific interaction, since no race has been found in X. axonopodis pv. citri.
In this study, we applied transposon mutagenesis to a normally (KC20) and a weakly aggressive (KC21) strain of X. axonopodis pv. citri in order to characterize the gene involved in the specific interaction between the bacterium and pummelo cultivars. This experiment identified a new member of the Xanthomonas avrBs3/pthA family from the weakly aggressive bacterial strain, which was responsible for host-specific suppression of virulence. Sequence analysis strongly suggested that the gene evolved through a recent recombination event among the pthA homologs of X. axonopodis pv. citri. In addition, we demonstrated that this gene induces defense response on the host but partially interrupts canker development elicited by the pathogenicity gene in this bacterium. 
MATERIALS AND METHODS

Bacterial strains, plasmids and culture media
The strains of Escherichia coli, X. axonopodis pv. citri, and the plasmids used in this study are listed in Table 1 . E. coli DH5 , which was used as the cloning host throughout this study, was cultured in LB medium at 37°C. The strains of X. axonopodis pv. citri were cultured in YP medium (18) at 27°C. For solid medium, 1.5% agar was added to these media. Antibiotic selection was carried out using 50 µg/ml kanamycin, 30 µg/ml tetracycline, and 100 µg/ml ampicillin.
Recombinant DNA techniques
All DNA manipulations, including isolation of total DNA, the alkaline method of plasmid purification, DNA purification by equilibrium centrifugation in a CsCl-Ethidium bromide gradient, alkaline phosphatase treatment, ligation, gel electrophoresis, and size-fractionation in a sucrose gradient were performed as described (1, 17) . 
Transformation into X. axonopodis pv. citri
Transformation into X. axonopodis pv. citri was performed using electroporation as described previously (28). Briefly, 1 µg plasmid DNA was added to a 100 µl suspension of competent bacteria and subjected to electroporation in 2-mm gapped cuvettes at 12.5 kV/cm with a fixed capacitance of 25 µF and a resistance of 600 . Electroporated cells were added to fresh YP liquid medium and incubated at 27°C for at least 1 h. Transformants were selected on YP agar medium containing appropriate antibiotics.
Transposon mutagenesis and pathogenicity screening
Plasmid pSUP2021 (Table 1) containing Tn5 was introduced into strains KC20 (normally aggressive) and KC21 (weakly aggressive) of X. axonopodis pv. citri by electroporation as described above. Kanamycin-resistant mutants were picked from YP agar plates using sterile insect pins and screened for pathogenicity and aggressiveness by inoculating mature attached leaves of C. grandis Osbeck ('Otachibana') with pin-pricks. The inoculated plant was grown in a greenhouse under a temperature regime of 28°C during the day and 25°C at night. Forty days after inoculation, the aggressiveness of each mutant was evaluated by measuring the diameters of the circular lesions, including the cork tissue and water-soaked margins. 
Construction of the DNA libraries
DNA from KC21, KC21T14, and KC21T46 strains was extracted, partially digested by Sau3AI and size-fractionated using 10 to 45% sucrose density gradient centrifugation. DNA fragments between 20-30 kb were used to construct cosmid libraries in the vector pLAFR3 as previously described (10). The recombinant linear fragments were packaged into phage heads with Gigapack III XL (Stratagene, La Jolla, CA) and used to infect E. coli DH5 cells according to the manufacturer's instructions. Individual clones were selected on LB agar containing tetracycline and stored in LB broth containing 25% glycerol at -80 °C. Colonies grown on LB agar were transferred to Hybond N + nylon membrane (GE Healthcare, Little Chalfont, UK) and lysed with denaturing solution (0.4M NaOH, 1.5M NaCl). The probes for both colony hybridization and Southern blot analysis were synthesized using plasmid pNKBH1 containing a 2.3-kb SphI fragment of apl1, which is almost identical to pthA (10), and a polymerase chain reaction (PCR) DIG probe synthesis kit (Roche Diagnostics, Basel, Switzerland). Signal detection was performed using a DIG luminescent detection kit (Roche Diagnostics) according to the manufacturer's instructions. 
Colony hybridization and Southern blotting
DNA sequencing
A 3-kb BamHI fragment of hssB3.0 was isolated from pLpB3.0 (Table 1) and subcloned into pUC18 and pUC19. From these subclones, a deletion series of the 3-kb BamHI fragment was constructed using a kilosequencing deletion kit (TAKARA BIO Inc., Otsu, Japan) and used to determine the primary structure of the DNA. Sequencing was performed with an ABI Prism 310
Genetic Analyzer (Applied Biosystems Japan, Tokyo, Japan) using a BigDye terminator cycle sequencing FS ready reaction kit (Applied Biosystems Japan) and the vector-based primers M13M4 (3'-GTTTTCCCAGTCACGAC-5') and M13RV . were determined in the same way.
Bacterial growth in planta
To monitor bacterial growth in planta, the bacteria suspended in 0.85% NaCl were inoculated into mature attached leaves of Otachibana and navel orange as described above. The inoculated plants were grown in a greenhouse under the temperature regimes described above. The number of bacterial populations present in the lesions at 0, 1, 2, 3, 4, 8 , and 16 days after inoculation was determined by removing the lesions with a cork-borer, macerating them in 0.85% NaCl, and plating the suspension on semiselective XCSM medium (18).
Determination of phenylalanine ammonialyase transcript levels in citrus leaves using real-time quantitative reverse transcription (RT)-PCR
The inoculated leaves of Otachibana and navel orange were wiped with cotton soaked in a bacterial suspension of KC20, KC20/pLpB3.0, KC21, KC21T46, and KC21T46/pLpB3.0, at a concentration of 1 x 10 8 cells per ml. Distilled water was also inoculated into the leaves as a primers designed from the transcribed region of the Citrus limon phenylalanine ammonialyase gene (Accession no. U43338) (16) using GENETYX software (GENETYX Co., Tokyo, Japan).
Quantitative RT-PCR was performed on the ABI PRISM 7700 sequence detection 
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Sequence data
The nucleotide and amino acid sequence data of the hssB3. 0, pB3.1, and pB3.7 regions can be found at the Genbank database as accession nos. AB175482, AB206388, AB206387, and AB206389, respectively. grandis. KC21T46 demonstrated higher aggressiveness on C. grandis (cultivar 'Otachibana') than that of KC21. The KC21T46 mutant, as well as its parent strain KC21, elicited canker symptoms on Otachibana within four days of inoculation. However, the lesions caused by KC21T46 on the cultivar were larger than those caused by KC21 and were the same as those caused by the normally aggressive strain, KC20, 40 days after inoculation ( Table 2 ). The in planta growth of KC21T46 also resembled that of KC20 on Otachibana ( Fig. 1A1 and A2 ). By contrast, no isolate demonstrating suppression of aggressiveness in Otachibana was obtained out of 2,522 kanamycin-resistant transformants derived from strain KC20. The lesion expansion and in planta growth of KC21T46 and KC21 in C. sinensis (navel orange) did not differ throughout the experiments (Table 2 ; Fig. 1B1 and B2).
Hybridization of EcoRI-digested DNA from KC21T46 with the Tn5 probe revealed a , apl1, apl2, apl3, pthA1, pthA2, pthA3 , and pthA4 have been found in X. axonopodis pv. citri (10, 19), KC21T46 and KC21 DNA was subjected to Southern blot analysis to identify the region of the transposon insertion.
Southern blot analysis of KC21 showed that four BamHI fragments (3 kb, 3.1 kb, 3.3 kb, and 3.7 kb) hybridized with the probe corresponding to a 2.3-kb SphI fragment of apl1, which indicates that the strain harbors at least four pthA homologs ( Fig. 2A) . All of the BamHI fragments were detected from not only the total DNA but also the plasmid DNA of the strain, which indicates that they are located on the latter ( Fig. 2A and B). The 3-kb BamHI fragment was absent in KC21T46 DNA, however, 4.9-kb and 3.9-kb fragments containing the Tn5 fragment were detected ( Fig. 2A and C). The 3-kb fragment was absent in DNA from normally aggressive strains (KC15, KC17, KC18, KC20, KC22, KC24, KC25, and KC31), but was detected in DNA prepared from all of the weakly aggressive strains tested (KC21, KC30, KC32, KC33, KC34, KC35, KC39, and KC40) ( Fig. 2A ). This suggests that the 3-kb fragment is involved in the 
Mutant KC21T14 demonstrates reduced nonspecific virulence on Citrus species
Among the kanamycin-resistant mutants derived from KC21, KC21T14 demonstrated a loss of the ability to elicit hyperplastic canker symptoms nonspecifically on citrus plants ( Fig. 3A and B ).
This mutant retained the ability to cause water-soaked lesions and was able to increase the number of lesions on the leaves of citrus plants. However, its in planta growth was reduced by approximately five and eighteen times in Otachibana and navel orange, respectively, compared with its parent strain KC21 ( Fig. 1A1 and B1 ).
Southern blot analysis of KC21T14 revealed that the 3.3-kb BamHI fragment hybridized by the 2.3-kb SphI fragment probe was absent, and that a 5.8-kb fragment was detected instead ( Fig. 2A ). Approximately 400 bp of KC21T14 sequence at the 5' end of the transposon demonstrated high homology with the N-terminal coding region of pthA (Fig. 2C ). The 3.3-kb
BamHI fragment was detected in all other strains investigated, which suggests that it might correspond to the region of pthA required for full virulence of the bacterium ( Fig. 2A) . The cosmid clone pLpthAposi1 containing the 3-kb and 3.7-kb BamHI fragments, hybridized with the 2.3-kb SphI fragment probe was selected from the genomic library of KC21. The subclone pLpB3.0, which contained only the 3-kb BamHI fragment, was obtained from pLpthAposi1 and was used to complement isolate KC21T46 in the inoculation of Otachibana.
Complementation of KC21T46 and KC21T14
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The lesions produced by KC21T46/pLpB3.0 after 40 days of inoculation were similar to those caused by the weakly aggressive strain KC21 (Table 2 ). Moreover, in planta populations of KC21
and KC21T46/pLpB3.0 increased at a similar rate for 16 days after inoculation ( Fig. 1A1 and A2).
No significant difference was observed in lesion expansion and in planta growth on navel oranges among the strains that were tested (Table 2 ; Fig. 1B1 and B2). These results suggest that the gene contained the 3-kb BamHI fragment that is homologous to pthA (called hssB3.0 hereafter) confers host-specific suppression of virulence.
The function of hssB3.0 in the suppression of virulence was also confirmed using a transformant derived from the normally aggressive strain, KC20, with plasmid pLpB3.0.
Inoculation of KC20/pLpB3.0 on Otachibana resulted in a similar level of lesion development to KC21 (Table 2 ). In addition, in planta populations of KC20/pLpB3.0 and KC21T46/pLpB3.0 increased at similar rates throughout the study (Fig. 1A2 ), which suggests that hssB3.0 confers lower aggressiveness on the inherently normally aggressive strains of X. axonopodis pv. citri. Four days after inoculation of all Xanthomonas strains, PA L transcription had not increased ( Fig. 4A) , although pustules consistent with canker symptoms had already developed ( Fig. 3C and D) . At 8 and 12 days after inoculation, the level of transcript accumulation was significantly different between the strains (Fig. 4A) . PA L transcript levels were 2.5 to 4.6 times (22) 27 bp away from the 3' end of the LTR, as seen in pthA2 (19). The nucleotide sequences from the 5' LTR to the start codons, the N-terminal coding regions, and the C-terminal coding regions were almost identical between all genes. The C-terminal coding regions contained the same leucine zipper-like motif, three putative nuclear localization signals, and an acidic transcriptional activation domain (Fig. 2C) . Fig. 2C and 5 ). Little variation was seen between the deduced amino acid sequences of each repeat, except at the 4th, 12th, and 13th amino acid residues within each repeat (Fig. 5B) , as previously observed by Yang and Gabriel (30) . In repeat units G and N, the 24th and 11th residues, respectively, differed from those in the other units (Fig. 5B) .
Remarkably, the regions of hssB3.0 from the 1st to the 6th and from the 7th to the 12th central repeats were identical to the 1st to the 6th repeats of pB3.1, and from the 2nd to the 7th of pB3.7, respectively (Fig. 5 ). The region of hssB3.0 from the 13th to the last repeat was also identical to that from the 14th to the last repeat of pB3.1 (Fig. 5) . hssB3.0 therefore appears to be a chimera consisting of pB3.1 and pB3.7 (Fig. 5A) . The central region of pthA-KC21 was similar to that of pthA in the repeat unit arrangement, although displacements at the 6th, 13th, and 15th repeats were observed (Fig. 5A ).
DISCUSSION
We report here on the isolation and characterization of a new member of the Xanthomonas avrBs3/pthA gene family, hssB3.0, from X. axonopodis pv. citri that confers host-specific suppression of virulence and might control the bacterial elicitation of resistance in C. grandis. The C-terminus of HssB3.0 differs with respect to PthA-KC21 at two residues (data not shown). However, the HincII-SphI regions of the C-termini are identical, which is considered to be essential for their virulence activity on citrus (9). These findings suggest that the central domain of hssB3.0 directly contributes to host-specificity, which is consistent with previous observations of avrBs3/pthA family members (5).
Citrus canker disease is highly dependent on the presence of pthA (2), while four naturally occurring avrBs3/pthA family members, avrXa7, pthXo1, pthXo2, and pthXo3, which were identified in X. oryzae pv. oryzae strains, act as major virulence effectors in rice (27).
Similar features were found among the central repeat regions of these genes, which differed in terms of number and arrangement. In contrast, the genes identified as essential for full virulence All avrBs3/pthA genes identified in strain KC21 in the present study exist in plasmid DNA of this strain. Partial sequencing of the cosmid clone pLpthAposi1 suggests that the inserted DNA in this clone could correspond almost exactly to part of plasmid pXAC33 (19) which was characterized in the X. axonopodis pv. citri A strain '306' from Brazil (data not shown).
Intriguingly, hssB3.0 and pB3.7 from strain KC21 appear to be located at the same positions as pthA2 and pthA1, respectively on plasmid pXAC33. In addition, the flanking 5' and 3' LTRs of pB3.1 and pthA-KC21 loci were identical in sequence to those of pthA3 and pthA4, respectively, on plasmid pXAC64 from strain '306' (19). The relative sizes and endonuclease cleavage sites of these two plasmids from the Brazilian strain '306' correspond almost perfectly to two plasmids previously characterized and reported from another Japanese strain, XAS4501 of X. axonopodis pv. citri (24). These results suggest, not only that the avrBs3/pthA family members are plasmid-borne, but also that the plasmids might be conserved within these distantly isolated bacterial strains.
A C C E P T E D
PA L transcript accumulation was observed in navel oranges four days after inoculation, but this did not suppress bacterial growth in planta or limit canker symptom development (Fig.   4B ). The temporary increase of PA L transcripts could be associated with a response to the wound caused by pin-prick inoculation, as observed in an earlier study (11). Recently, it was revealed that bacterial effectors encoded by genes of the avrBs3/pthA family might suppress the plant defense response (4) . The decrease of PA L transcripts from four days after inoculation of navel orange in the present study might depend on pthA-KC21 activity in suppressing the host defense response. Inoculation of Otachibana, however, elicited a moderate increase in PA L transcript levels from eight days after inoculation even with strains KC20 and KC21T46, which lack hssB3.0. The transient expression of pthA in Citrus spp. induced raised cankers followed by cell death (3) . In Otachibana, it is possible that programmed cell death elicited by pthA-KC21 occurs earlier than in navel orange. It is also possible that another factor from X. axonopodis pv. citri is involved in the elicitation of moderate PA L transcript increases. This might be responsible for the differences in bacterial growth and durability in planta between Otachibana and navel oranges ( Fig. 1 and 4 ).
According to avirulence principles, the gene product of hssB3.0 might be recognized by a cognate resistance gene in C. grandis. However, the analysis of citrus lines remains to be completed and further studies will need to be carried out to elucidate the C. grandis resistance gene. 
